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Special Radar Systems and Applications

. Firefinder, Patriot, SPY -1, AN/APS-200, and SCR-270 radars
. Harmonic radars
. Synthetic aperture radar (SAR)

. Inverse synthetic aperture radar (ISAR)
. Stepped frequency radar
. Ultra-wideband radar (UWB)

. Radar electronic countermeasures (ECM): Crosseye; sidel obe cancelers and blanking;
chaff

. HF over the horizon (OTH) radar

- Laser radar
- Ground penetrating radar (GPR)
- Doppler weather radar

. Bistatic radar
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AN/TPQ-37 Firefinder Radar
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Firefinder Radar Antenna (1)

Naval Postgraduate School

Based on the concept of phase-steered subarrays: The array and subarray factors are
scanned individually. The array factor has 4-bit phase shifters, whereas the subarray
pattern is scanned using 2-bit phase shifters. The four possible “phase states’ for the

subarray are:
Phase Dipole Output Phase (Degrees)
State 1 2 3 4 5 6
1 0 -20 -19 -39 -17 -37
2 0 -20 -19 -39 -59 -79
3 0 -20 -61 -81 -101 -121
4 0 -20 -61 -81 -143 -163
A SIX-ELEMENT
SHIFTER 2BIT SUBARRAY
PHASE
SHIFTER
4-BIT
PHASE
q SHIFTER
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Firefinder Radar Antenna

Patterns of the six-element subarray (four possible phase states)
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AN/TPQ-37 Subarray
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Firefinder Radar Antenna (3)

Array patterns with and without subarray scanning (q: = 4°). The dashed curveisthe
subarray pattern.
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Patriot Air Defense Radar (1)
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Patriot Air Defense Radar (2)

Naval Postgraduate School
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SCR-270 Air Search Radar
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SCR-2/0-D-RADAR

Detected Japanese aircraft approaching Pearl Harbor.
Dipole array was tuned by maximizing the scattering from a metal propane storage tank.

Performance characteristics:

SCR-270-D Radio Set Performance Characteristics
(Source: SCR-270-D Radio Set Technical Manual, Sep. 22, 1942)

Maximum DetectionRange. . .................... 250 miles
Maximum Detection dtitude. .. .................. 50,000 ft

Range Accuracy ............couiiiiiinenennnn. + 4 miles*
AZIMUtN ACCUraCY ... ..o e + 2 degrees
Operating Frequency ..., 104-112 MHz
ANENNA . ... Directive array **
Peak Power Output ..................ccovvunn.. 100 kw
PussWidth ........... .. ... ... .. ... ....... 15-40 microsecond
Pulse RepetitionRate .......................... 621 cps
AntennaRotation .................. ... .. ..., up to 1 rpm, max
Transmitter Tubes. ............. ... ... oo, 2 tridoes***
RECAVEr ... superheterodyne
Transmit/Receive/Device. ..o spark gap

*  Range accuracy without cdibration of range did.
**  Conggting of dipoles, 8 high and 4 wide.
***  Conggting of a push-pull, self excited oscillator, using atuned cathode circuit.

10
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SPY -1 Shipboard Radar

SPY -1 isamultifunction 3-D phased array radar with the following characteristics:
Four large (12.8 feet) antennas providing hemispherical coverage
Each array has 4480 radiating elements (140 modules)
Electronically scanned (non-rotating antennas)
Frequency is S-band (3.1 - 3.5 GHz)
Peak power 4 - 6 MW
Radar resources are adaptively allocated to counter a changing hostile environment

Primary functions:
Tracking
Fire control (missile guidance)

Secondary functions:
Horizon and special search
Self-test and diagnostics
ECM operations

SPY -1 Radar Antenna

11
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AN/SPS-64

X-band surface search and navigation.

- Transmitter
- Three PRFs: Frequency: 9.375 GHz
3600, 1800, 900 Hz Peak power: 20 kW
- Range: 64 nm - Receiver
|F gain: 120 dB
- Pulse widths: MDS: - 98 dBm
0.06n's, 0.5ms, 1.0n's Noise figure: 10 dB
|F frequency: 45 MHz
- Antenna |F bandwidth: 24, 4, 1 MHz
Parabolic reflector False darm rate: 1 per 5 minutes

Horiz HBPW: 1.2 degrees
Vert HPBW: 20.7 degrees
Gain: 28.5dB
SLL:-29dB

Polarization: horizonta

13
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C-Band Search Radar (AN/SPS-67)
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AN/SPS-67

C-band surface search and navigation radar for detection of surface targets and low

flying aircreft.

- Pulse width modes:
1.0 ns, 0.25ns, 0.1ns

- Range in the three modes:
300, 200, 75 yards

- Resolution in the three modes:
200 yards, 190 ft., 75 ft.

- Transmitter
Frequency: 9t0 9.5 GHz
PRF: 1800 to 2200 Hz
Pulse width: 0.221t0 0.3 n's

- Antenna
M esh reflector with dual band feed

15

- Transmitter frequency:
5.45 10 5.825 GHz

- Receiver
Noise figure: 10 dB
MDS in the three modes:
-102, -94, -94 dBm
Logarithmic IF dynamic range
90 dB or greater

- Display: PP



Naval Postgraduate School Microwave Devices & Radar Distance Learning

Combat Survelllance Radar (AN/PPS-6)
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AN/PPS-6

Noncoherent pulse-doppler radar for combat surveillance. Detects moving terrestrial
targets (1 to 35 mph) under varying conditions of terrain, visibility and weather

conditions
- Range E-plane HPBW: 7 deg
Personnel (s = 0.5 sg. m): H-plane HPBW: 8 deg
50 to 1500 m
Vehicles (s =10 sg. m): - Receiver
50 to 3000 m Type: superheterodyne
Accuracy: £25m |F frequency: 30 +2 MHz
Resolution: 50 m |F gain: 80 dB
. Trangmitter |F bandwidth: 6.3 £0.6 MHz
Frequency: 9t0 9.5 GHz MDS: -95 dBm
PRF: 1800 to 2200 Hz .
L - Display
Pulse width: 0.22t0 0.3 n's Headset (audible)
- Antenna Test meter - visual indicator
Size 12 inch reflector Elevation indicator

Gain: 24.5dB Azimuth indicator

17
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AN/APS-31

Distance Learning

Early X-band surface search and navigation radar (about 1945).

- Pulse width modes:
4.5 s, 2.5ns,0.5ns
- Transmitter frequency:

- Range: 9.375 GHz
510 200 nm
- Receiver
- PRFsin the three modes: |F gain: 120 dB
200, 400, 800 Hz MDS in the three modes:
-102, -94, -94 dBm
- Transmitter Noise figure: 5.5 dB
Peak power: 52 kw |F frequency: 60 MHz
- Antenna

Parabolic reflector
HBPW: 2 degrees
Gain; 2500

19
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AN/SPS-40

Naval Postgraduate School
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AN/SPS-40

UHF long range two-dimensional surface search radar. Operatesin short and long

range modes.

- Range
M aximum: 200 nm
Minimum: 2 NMm

- Target RCS: 1sg. m.

- Transmitter
Frequency: 402.5t0 447.5 MHz
Pulse width: 60n's
Peak power: 200 to 255 kw
Staggered PRF: 257 Hz (ave)
Non-staggered PRF: 300 Hz

21

- Antenna

Parabolic reflector

Gain: 21 dB

Horizontal SLL: 27 dB

Vertica SLL: 19dB

HPBW (hor x vert): 11 by 19 degrees

. Receiver

10 channels spaced 5 MHz
Noisefigure: 4.2

|F frequency: 30 +2 MHz

PCR: 60:1

Correlation gain: 18 dB

MDS: -115 dBm

MTI improvement factor: 54 dB
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Plan Position Indicator (PPl

22
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Radiometers (1)

All bodies at temperatures above absol ute zero emit radiation due to thermal agitation
of atoms and molecules. Radiometers are passive receiving systems that sense the
emitted radiation.

A blackbody (BB) is an ideal body that absorbs all of the energy incident on it and
radiates all of the energy that it absorbs. The radiation distribution as a function of

wavelength (or frequency) is given by Planck’s Law:

_ 2p he?
Mgs(l ) = | 5(ehc/(l kT) _ 1)

where:  Mpgg(l ) = spectral excitance of the blackbody in 2W
M X1m

h=6.626" 1073 Jss (Planck’ s constant)
k=13807" 10°% JK (Boltzman’ s constant)

| = wavelength in mm
T = temperature of the body in degrees Kelvin

23
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Radiometers (2)

Thetotal radiance leaving the surfaceis
¥

Mgg = Mgs(l )dl =s T*

0
wheres =5.67" 10 % W/ m?:K* (Stefan-Boltzman constant).

The wavelength (or frequency) of maximum radiation for a BB of temperature T is
given by Wien’s displacement law

| e T =2897.6" 10°° m>K

Only afew materials approach the characteristics of a blackbody. Most materials emit
energy according to ascaled version of Planck’s Law. These are called gray bodies
and the scale factor is the emissivity

M(1)
Mgg(l)

Kirchhoff’s Law states that at every wavelength the emissivity equals the absorptivity

e(l )=

e=a

24
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Radiometers (3)

Since conservation of energy requires that

absorbed + reflected + transmitted =1
it followsthat good reflectors are poor emitters; good absorbers are good emitters,
Blackbody and gray body radiation is diffuse, that is constant with angle. The noise

power radiated by a blackbody is k TB where B is the bandwidth of the detector. The
power radiated by a gray body relative to that of ablackbody is

_Fe _Ts
kTB T

e

where Tg isthe brightness temperature. This difference in noise powers can be
measured, and the emissivities determined. Emissivitiy can be used to infer the
material characteristics.

25
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Radiometers (4)

Distance Learning

Applications of radiometers.

Environmental:

Military Applications:

Astronomy:

M easure soil moisture

Flood mapping

Snow and ice cover mapping

Ocean surface windspeed

Atmospheric temperature and humidity profile

Target detection and identification
Surveillance

Mapping

Planetary mapping

Solar emissions

Mapping galactic objects
Cosmological background radiation

26
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Radiometers (5)

Block diagram of the Dicke radiometer:
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Harmonic Radar (1)

A harmonic radar transmits a frequency f, (the fundamental) but receives a harmonic
frequency (f,,2f,,31;, etc.). The harmonic frequencies are generated naturally by

man-made objects with metal junctions. The harmonic can also be generated using a
transponder circuit on the target.

f 2f 3f
Ao \2o 3o
Advantages.

1. Natural clutter sources are linear. They scatter waves at the same frequency as
the incident wave. Therefore atarget return at a harmonic is not obscured by
clutter.

2. Man-made objects generate harmonic scattered fields. Odd numbered harmonics
arise from metal junctions on the target. The third harmonic is the strongest.

Disadvantages.

1. Energy conversion from the fundamental to harmonicsisvery low. Higher
conversion efficiencies can be obtained with cooperative targets using a
nonlinear circuit device like adiode.

2. Dual frequency hardware required.

3. Thereceived field variesas R u 1/ R* wherea > 4.

28
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Harmonic Radar (2)

The harmonic radar range equation for the third harmonic is

_(RG)*G I 5y,
I‘ (4p)a+2 R2a +2

where:
a » 2.5 isanonlinearity parameter that determined experimentally
(it varies dightly from target to target)
R,G are transmit quantities at the fundamental frequency ( f,)
| 3,G; arereceive quantities at the third harmonic frequency (3 ;)
S , Isthe harmonic scattering pseudo cross section

(typical values are -60 to -90 dB for W £1 W/m?2)

Usnga » 2.5 the received power varies as
PulR

Therefore the detection ranges are very small, but foliage penetration is good for
short ranges.

29
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Harmonic Radar Tracking of Bees

Dipole and Dipole Vo J

diode circuit ¢ and
~<— "o diode
x attached
— » 2f, toabee

(From Nature, Jan. 1996, p. 30)

PPI traces for conventiona and harmonic radars (I , =3.2 cm)
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Synthetic Aperture Radar (SAR)

A scene (background plus targets) isimaged by plotting the received power as a
function of ground coordinates. The resolution cell sizeis a picture element or

pixel:

down range resolution (Dx) is determined by the pulse width
cross range resolution (Dy) is determined by the antenna beamwidth

A Y
TARGET o
TRANSMIT/ " Actual grid is polar, but
RECEIVE ©) approaches arectangular
ANTENNA g \7( T grid for large range.
< % >
o | I/ / X
RN
RESOLUTION CELL
I Dy

DOWNRANGE Dx

Very narrow antenna beams are required for fine cross range resolution. The resulting
antenna sizeis very large and may not be practical. Returns from alarge antenna can
be synthesized using the returns from a small antenna at sequential locations along a
flight path. Thisisthe basis of synthetic aperture radar (SAR).

31



Naval Postgraduate School Microwave Devices & Radar Distance Learning

SAR (2)

Va (time)

AIRCRAFT

FLIGHT Py

Typical side-looking airborne SAR geometry

SAR OPERATING MODES: RANGE

STRIP MODE
SPOTLIGHT MODE
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SAR (3)

Naval Postgraduate School Distance Learning

Comparison of array factors for conventional and synthetic apertures:

Conventional Array

\

SCATTERING ELEMENT

Synthetic Aperture

/

Rl
A t, t A t Vi
1 2 N
AF AFs
E = e KRn*R) E = K(R*R)
m=1 )
AF= A 4 & KRR =B ¢ IRn2 AF= A ey
n=1m=1 ?mzl @ ) m=1 )
SQUARE SUM OF
OF SUM SQUARES
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Comparison of Array Factors

Plot of array factors for conventional and synthetic apertures of the same length:

] 7
© Tl |
§-15- ;\ﬂ \/Q EN CONXERIEIQE\C()NAL
2 el
o Al A AT
< ol " han HI H \/ [ad—"" ARRAY
= NN U] \/
il [l

-4 ] . !
120 130 140 150 160 170 180
PATTERN ANGLE (DEG)

Beamwidth of the conventional array: qg » | /L where L » Nd (disthe element
gpacing and N the number of array elements)

Beamwidth of the synthetic array: qg » | /(2L¢) where L » topva = dopsNe (tops iSthe
observation time, N. the number of samples, and d,,5 the distance between
samples)
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lmage Resolution

Two closely spaced targets are resolved if two distinct scattering sources can be
distinguished.

Resolved targets Unresolved targets
APPROXIMATE BEAM FOOTPRINT
ANTENNA MQEEL IN THE OBJECT PLANE
ﬂ c\ ﬂ
TWO POINT
SCATTERERS |
q IN THE SCENE |

For the conventional array the cross range resolution is
Dy=Rgg» Rl /L
For the synthetic array the cross range resolution is
Dy =Rgg » Rl /(2L.)

Note that the last result, which is based on AF., assumes that the wave scattered from
apoint source in the scene is a plane wave when sampled by the SAR.
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Unfocused SAR (1)

If Dmax iStoo large then AF. becomes distorted (the beam broadens). Therefore the
maximum L. is commonly determined by the condition 2kDo £p /2

D 7

e + SARFLIGHT
PATH
1/
LS
R -1
SAMPLING
POINTS

SCATTERED /
WAVEFRONT wd
(SPHERICAL) \ A

LY

r

2k(\/R2 F(Lo/2)2- R):ZkR{\/1+ 12/ 4R - 1} 2kR([1+ L2 /8RP)] - B £p /2

FIRST TWO TERMS
OF BINOMIAL
EXPANSION
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Unfocused SAR (2)

Solvefor L and call thisvaue Lgy
o _ 1 /'
Lem =VRI P qu_2~\/RI - 2\R

which gives a cross range resolution of
1

Dym = Rdgm = Eﬁ

Thisisthe resolution limit for unfocused SAR (i.e., the phase error introduced by

the spherical wavefront is not corrected). Note that the resolution does not depend

on the actual antenna characteristics, only range and frequency. The actual optimum
valueis dightly different that Ly, depending on the antenna beamwidths and aperture
distribution. A good estimateis 1.22Lqy,.

A
I : GAIN
| |
RESOLUTION LIMIT | | BEAMWIDTH
BASED ON p/2 —
|
PHASE ERROR
\l | qu
T T - LS
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Focused SAR

Focused SAR corrects for the path difference in the signal processing. Theresult isan
effective beamwidth determined by the total length of the synthetic array, L =Rl /L.

The corresponding resolution is

B
Dy =R =Ry =7

which isindependent of R and | , and depends only on the actual size of the antenna.

The smaller the antenna used by the radar,
the better the resolution because:

1. awide beam keeps each scatterer in
view longer, and

2. focusing (i.e., adding corrections)
removes the range dependence.

The synthetic aperture length L. islimited
by the time that a point scatterer remainsin

STATIONARY the beam footprint.
POINT
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Example

SAR isused to image clutter

B=20MHz, q.=20" (g =70"), h;=800km, | =23cm, L=12m
The down range resolution is
t=1/B
8l —
__ o (3" 10 )(1/2(2 10 ):22m

2 Cc0sg 2c03(70°)

The cross range resolution for a conventional antennais
F 103

Dy = Rqg = h, | _800" 10 0'023:1.63km

cos(q.) Lo cos(20°) 12
For an unfocused SAR (p / 2 condition)

VR (0.023)800 " 10%/cos(20°) ;
2 2 -

Dym = Om
For afocused SAR

Dy=L/2=6m

39
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Cross Range Processing (1)

The cross range coordinate can be obtained in several ways. Three common approaches
are:

1. Side-by-side (sequential) processing: As each new time sample is collected, the oldest
time sampleisdiscarded. A new beam footprint is generated that is slightly translated
In the along-track direction. A small footprint must be generated to resolve closealy
spaced scatterers. A massive amount of data must be processed for each time step.
Cross range resolution islimited. Early SARs used this method.

The properties of the doppler shift of a point on the ground as a function of time can be
used to resolve scatterers in the cross range coordinate:

2. Chirp structure of the return: The return from a scatterer on the ground has a chirp
structure. A matched filter can be designed to exploit the chirp structure and improve
the resolution across the beam footprint.

3. Doppler processing of the return: The “doppler history” of individual points on the
ground can be used to resolve scatterers with doppler filter banks.

40
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Cross Range Processing (2)

Consider an airborne SAR illuminating a stationary point target on the ground. For the
geometry shown, the doppler as afunction of timeisgiven by (note: g >0® x <0)

_2v,sng _ 2v,(x/R) _ - 24t

f
a7 | IR
. L .o M _ - 41ov2 Nt :
Thisisachirp signa with > = R 4. A chirpfilter can be used on receive to resolve
scatterersin crossrange. If theradar isin wy _ IR
. : . Dt = = q
motion, then there will be atiming error mi2 22

a
Note that if motion compensation is used,

then fq4 will be the uncompensated doppler

(i.e., range error) in the matched filter
response due to the radar’ s velocity. The
radar motion can be compensated for by
subtracting out the known doppler (using frequency. | -
the estimated ground speed). However, if

the point target isin motion, its doppler —_’)”‘
will cause the target to be displaced in the
image from its actual location. InaSAR
image this resultsin cars not on roads,
ships displaced from wakes, and so forth.
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Cross Range Processing (3)

Doppler Frequency

hy =20 km,| =1m,g=30", v, =300 m/s

The doppler shift of a stationary point on the ground has a unique time history as the beam
footprint passes by, as shown in the example below for four scatterers. If the processing time
Islimited to the linear region, the curves can be “de-ramped” (dope removed) and Fourier
transformed to obtain the frequency components.

2 T 2
15 1
15F
LINEAR
REGION DOPPLER LAST POINT
| FILTER TO ENTER
1 1} BANDWIDTH FOOTPRINT .
FIRST POINT J /
TOENTER - At T L S R R
05 FOOTPRINT 2 05F Df
5 B R
0 LAST POINT I oF
TOENTER 5 g
FOOTPRINT °
0.5} ;t 05 B
ol R R
_1 -
Ak FIRST POINT
TO ENTER
151 FOOTPRINT
: P LINEAR .
15 REGION ”
2 . , . . .
-300 -200 -100 0 100 200 300 -2 L L L L
Time (sec) -100 - O( ) 100
ime (sec
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Motion Compensation

The radar platform has motion variations that can cause blurring and displacement of objectsin
the image. Motion compensation involves estimating the displacement from the along track
direction and deviations from a constant velocity and correcting for them in the processing.
Several levels of correction may be required:

- The antenna may have to be stabilized or re-steered

- Timing must be re-adjusted if the radar travels off of the ideal flight line by more than
the range resolution

- If phase information is used in processing, then phase errors due to cross track and
vertical random motion must be held to lessthan | /10

Motion Compeansated

TRANSMITTER |« PULSER [¢~- "
1
* !
TRIGGER,
CIRCULATOR|  yomomooecceee,
: | TIMING &
I MOTION 1
TO | COMPENSATION |7 FREQUENCY
ANTENNA [ : |
LNA [—» 1Q
DETECTOR
v 9

TODATA e—

PROCESSOR o | AP VIDEO

AMP

A

3 Meter Resolution @ ey

43



Naval Postgraduate School Microwave Devices & Radar Distance Learning

Radar Mapping

Key features:
1. Radar provides its own illumination; operatesin all conditions

2. Large area coverage in a short time

3. Surface features obtained in spite of vegetation and clouds
4. Operates at relatively low grazing angles

5. Images aplan view

Resol ution requirements:

FEATURES CELL SIZE

Coastlines, large cities, outlines 500 feet
of mountains

Major highways, variationsin 60-100 feet
fields

Road map detail (city streets, 30-50 feet
large buildings, airfields)

Houses, small buildings 5-10 feet

Vehicles, aircraft 1-5 feet
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SAR Image

Distance Learning

Echo intensity plotted versus down range and cross range coordinates

X-29
TARGET

STEPPED FREQUENCY IMAGE
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SAR Range Equation

Start with standard RRE:

2
__RAsSNg
4pl °kT.B,R*

Substitute the following:

nB LS I—sfp

tobs=tlot=7 = P ng=
fr Vg V,
_ Py 0, __0O
R—t—f, tB,»1 and s =s A.=s DxDy
p

to obtain

— PaVA‘EZS ODXDy(LSfP/Va) — Pav'AVe25 ODny lobs

INR

2 4 2 4
Ipl “kTsBLR 4p| “kTR
ct
For pulse width limited illumination and focused SAR, Dx = 26ng and Dyzg
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SAR Problems (1)

1. Speckle — occurs when returns from diffuse surfaces are added coherently.

Large returns can add constructively
or destructively

e RFAW

2. Motion effects— for satellite based SAR, earth's rotation can be important.
3. Range curvature — the illuminated strip can be curved rather than straight.
4. Changing atmospheric conditions — rain, moisture, dust, etc.

PULSES"ON"

5. Ambiquities if more than one pulse
in a surface swath

- >
FOOTPRINT
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SAR Problems (2)

6. Layover — occurs when an object’ s base isin a closer range bin than the object’ s top.
The object appearsto be “laid over” on its side in the image.

WAVE FRONT

\\ /

R
o DEAK
AL dmoow

BASE

7. Shadows — appear dark in the image due to lack of illumination of the shadowed area.
8. Multipath — can lead to multiple copies of the same object in the image, or
displacement of object in the image.
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Inverse Synthetic Aperture Radar (ISAR)

Generdly, ISAR refers to the case where the cross range information is obtained from
target dopper. Consider arotating target at range R.

CENTER OF
ROTATION

T radisec

RADA
] R

A typical point on the target rotates a radius d about the center of rotation. Using the

law of cosines
2d cosf
> =R%+d?- 2dRcos(p-f) P r» R\/1+ » R+ d cosf
R>>d
| y
PATH OF ROTATING
RADAR POINT, ANGULAR
LOCATION d »~ VELOCITY w,
Vs f
- X
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ISAR (2)

The scattered field from the rotating point is

Es u ejvvte— j2kr _ ELWt X ] 2kR xg~ | 2kd cod
CARRIER DELAY DOPPLER SHIFT
TOCENTER FROM ROTATION

Doppler frequency
Wy =2p fy = %(- 2kd cos(f ) :g in(f t)
and the cross range coordinate
fq :Edsinf P y:ﬁ
I — 2f

=y

which can be found becausef isknown. A similar situation appliesif the target is
stationary and the radar circles the target.
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ISAR (3)

| SAR has been applied to targets with linear motion. The geometry is similar to that of the
airborne SAR on a straight flight path, but the locations of the radar and target are
reversed. Over the observation time, Ty, & Synthetic beam, qg, isformed. The array
factor isthe same as for airborne SAR.

- The cross range resolution at range R is

RADAR (FIXED
3( : Dy = Rgp
- The observation distance is used to determine the
BN beamwidth (rather than the synthetic [ength)
/,, dB ) \\\ gg » | /(2dgps)
TARGET - Cross range resolution can be improved by
. MOTION increasing the observation (integration) time
- +—> Va _
[P ) Iy Dy =R /(2v,3Tops)
< >
Cobs - The radar does not have control of the target’s

flight characteristics.
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ISAR (4)

USS Crocket |ISAR Image

(From NRL web ste: http://radar-www.nrl.navy.mil/Areas/| SAR/)
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HF Radars (1)

- Radars that operate in the high frequency (HF) band are also called over the horizon
(OTH) radars. Advantages.
1. Long range target detection
2. Low altitude target detection
3. Operates in target scattering resonance region (i.e., detection of low observable
targets)
4. Low probability of intercept

- Major applications: Protection of land mass from attack (ships and aircraft)

- Atmospheric propagation mechanisms:
1. Sky wave: the interaction of HF waves and the Earth's ionosphere, which is the upper
atmosphere (heights 3 80 km)
2. Ground wave: over the horizon diffraction

- Comparison of operational ranges.
Conventional microwave: 200 km
HF ground wave: 200 to 400km
HF sky wave: 1000 to 4000 km
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HF Radars (2)

Atmospheric propagation issues:

1. The properties of the ionosphere are constantly changing with:
time of day, time of year, solar activity

2. lonospheric reflections appear to originate at multiple reflective layers at
different heights. This often causes multipath fading.

3. lonospheric reflections are strongly dependent on frequency and antenna
"launch" angle. A wide range of frequencies must be used.

4. Efficient operation requires knowledge of the current state of the
lonosphere.

% VIRTUAL REFLECTION
POINT

|ONOSPHERE / \
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HF Radar (3)

Other HF radar issues:

External noise sources are greater than internally generated noise. They include

1. atmospheric (lightning)
2. cosmic
3. man made (radio, ignition, etc.)

The ionosphere is dispersive and hence there are limits on the information
bandwidth.

Clutter is strong. Sources include the earth, auroral ionization and meteor
lonization.

|lonospheric reflection allows a specific area of the earth’ s surface to be
Illuminated by only alimited band of frequencies.

Multipath fading can be severe. 1onospheric paths have high attenuation.

Conclusion: the sky wave path can be made reliable if oneiswilling to pay the
Cost.
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Typical HF OTH Radar Parameters

PARAMETER

TYPICAL VALUES

range
range resolution
range accuracy

angle resolution

angle accuracy
Doppler resolution

operating frequency
peak output power
PRF

pulse width
antennagans

azimuth (horizontal) beamwidth
elevation (vertical) beamwidth
azimuth/elevation beam steering

dwdl time

1000 to 4000 km
2 km to 40 km
2 kmto 20 km

0.5 to severa degrees (ionosphere limits angle resolution to some fraction of a
degree)
approximately 12 km at 1500 km

aslittle as 0.1 Hz (about 1.5 knots)

4 MHz to 40 MHz, dectronically tuned
20 kw to 1 Mw

CW to 50 Hz

10 nrsto 200 rs

15 dBi to 30 dBi (transmit and recelve antennas are usualy different and
multiple beams are used on receive

0.5 to 20 degrees (often narrow receive, wide transmit)

10 to 60 degrees (vertical aperturesis costly)

20 to 150 degrees/0 to 30 degrees

ten seconds or more
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Typical HF Clutter and Target Spectrum

Example:
Target Speed Doppler Shift (Hz)
(relative velocity) a 3MHz a 30 MHz
9 m/s (20 mph) 0.18 1.8
90 m/s (200 mph) 1.8 18
50
40[ i
o | CLUTTER |
© | 4
y 30
w |
= TARGET
2 20f T
10 T
0 25 5.0 75 10.0 125 15.0 17.5 20.0

FREQUENCY, HZ
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HF Coastal Radar (CODAR)

‘Characterislic ‘Value

‘Operating frequency ‘27.65 MHz Surf ace current map

‘Transmitted power ‘30 W

‘Working range (35 PSU salinity) ‘up to 50 km _ l’!'! St Vi
Length of sea surface wave (Bragg) 542 m ' Wy Reses e
‘Depth over which current is averaged ‘r—O.S m

‘Range resolution ‘03 km, 0.6 km, 1.2 km

‘Azimuthal resolution (Direction Finding) ‘1 degree

‘Azimutha] resolution (Beam Forming) ‘+f—3 degrees

‘Integration time ‘9 minutes, 18 minutes o
‘Aocuracy of radial component ‘1m2~cmf’s elsus
‘Aocuracy of current field ‘1...5~cmfs

T 3
c
[
l) .
c
r
a
t
u
r
C

n

Kilometers

-

University of Hamburg WERA HF radar

58



Naval Postgraduate School Microwave Devices & Radar Distance Learning

Relocatable Over the Horizon Radar (ROTHR)

The Navy radar was originally designed for wide area ocean surveillance for fleet
defense

Since 1989 it has been used by the Coast Guard and Customs for the detection of drug
running

Operates in the 2 to 30 MHz frequency band

Vertical and down range backscatter sounders are used to continuously monitor the
lonosphere

U.S. Air Force OTH-B
Transmitting Array

U.S. Navy ROTHR

2,6-km Recelving Array

I A T
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HF Radar Example (CONUS-B)

The CONUS-B radar has the following parameters:
R=61dBW, G =23dB,G =28dB, |; =3dB
two-way path gain factor, (Ft)2 =(F, )2 =3 dB, other system losses, 15 dB
noise power at the receiver, kT.B,, = - 164 dBW

(a) What frequency should the radar use to detect atarget with awingspan of 15 m and
what isthe target’ s approximate RCS?

Assume horizontal polarization and model the wing as a shorted half-wave dipole to find
the first resonant frequency (see the plot in the discussion of chaff):

| /2=15m b f =10 MHz b s /12 »0.75 P s » 675m° = 28.5 dB
(b) If INRin =25 dB, will the target be detected at 2000 km?

Compute the SNR. It isconvenient to use dB quantitiesin this case:
SNR = PthGrI,+(1/4p)3 KTsBy + (R F)* +1/(RtR) *S +12 - L =310dB
%,_J

—_ -~

115 -33 - 164 -6 - 252 28 5 295 15

Since SNR > 25 dB the target will be detected. Note that the target RCS at resonance
(see UWB lectures) can be 5-10 dB higher than at other frequencies, thus operating at
resonance makes detection possible.
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Stepped Freguency Radar (1)

In a stepped frequency radar the carrier frequency of each pulseinthetrainis
Increased

bt fo + DF fo+2DF  fo+(N- 1)Df

\

1 2 3 N

Receiver (instantaneous) bandwidth, Bingant =1/t :

Controlled by the individual pulse
Determines the A/D sampling rate
tDf £1

Effective bandwidth, By = NDf :

Controlled by the frequency excursion across the burst
Determines the range resolution
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Stepped Freguency Radar (2)

Characteristics of stepped frequency radars:
1. Instantaneous bandwidth is controlled by the pulse width Bipgat =1/t

2. Rangeresolution is given by
C C

R = =
ONDf ~ 2By

that is determined by the effective bandwidth, Bgs = NDf

3. The effective bandwidth can be increased semi-independently of the
Instantaneous bandwidth (the constraint ist Df £1)

4. Itispossibleto have alarge effective bandwidth (and high range resolution)
with low instantaneous bandwidth

5. Low instantaneous bandwidth allows alower A/D sampling rate than a
conventional radar (high frequency A/Ds are not commercially available).
Narrowband microwave hardware is ssmpler and less expensive.
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Stepped Freguency Radar (3)

Block diagram:
= + +
< an fcoho fsIan fsynn
fe, >——| DUPLEXER = PXVI\XER ~— PULSER
—
f f
ddo STALO ddo
fstalo + fsynn f ¢ y
SNy | FREQ STEP coho ™ lsynj,
f SYNTH 1
h
coho fsynn
IF AMP foono
| m| SYNCH |
DETECTOR CcoHO

N

. e.
SIGNAL + —
PROCESSER In+1Gh =5 engJ

4pRfc.
C

O

63



Naval Postgraduate School Microwave Devices & Radar Distance Learning

Stepped Freguency Radar (4)

Mathematical expression for phase shift:

cog[ 2p (f. +nDf )t]

cog[2p(fe +nDf )(t - tR)] 4>§—> LPF —= COSF |,

F.=20(f. +nDf)tg
= 2p(f; +DH) ="
where R, = R, +Vv,nTy,. Therefore,

F 0= 2p(fe +1D) 2 (R, +W,1iTy)

M +2p gg T, +2p 2Vr fC nT,+2p Df 2vrnTpn_|_
C T, ¢ P C P T, ¢ P

—_—— - —— LA

PHASE SHIFT FREQ. SHIFT DOPPLER DOPPLER

DUE TO RANGE SHIFT

DUE TO RANGE SPREAD
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Stepped Freguency Radar (5)

Distance Learning

Doppler spreading, shifting and attenuation:
- Single target, different radial velocities
- Target range is unchanged
- SNR=13dB, PRF =20KHz, f. =10 GHz, N =512, Df =1 MHz

30— —
Om
'f..ll
| 100
of || 200 misec
|
o= |
B | A 300 mfsec
[T | |
O |
|

2 0 | | | 1
| | | 1000 m
10§ 1] |
i | i
| I | | |
| |
111
:.ll- 1
| { [ |
r [ \
0 | I I .I L | 1 .. 1 i I| i i i
20 40 60 ao 100 120 140

Relative range{meter)
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Stepped Freguency Radar (6)

Naval Postgraduate School

Doppler spreading and shifting can be used to separate targets from clutter:
- SNR=11dB, PRF=20KHz, CNR=35dB
- f. =10 GHz, N =512, Df =1MHz, v, =500 m/s
- If an estimate of the target velocity is available, velocity compensation
can be applied

50 A :

I — |

; | target | :
-+ J) | SER—— }; ........... e ———— - S -

10 | hf_f‘\.-ﬂll E

¥ Mg

Magnitude(dB)

-30

40 . :
100 174

Relative range(meter)
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lmaging of Moving Targets

Objectiveisto find the reflectivity density function r (x,y) from the frequency signature
S(f,1):

) ¥ ¥ .
S(f ,t) :e- j4pr(t)/C c\) c\j. (X, y)e J4p[XfX(t)+yfy(t)]dXdy
-¥ -¥

where the spatial frequencies are defined as
fe(t) = —cos[f )] ad fy(t)= —s nff (t)]

Stepped frequency imaging:

1. M bursts are transmitted, each containing N narrowband pulses
2. The center frequency f,, of each successive pulseisincreased by

afrequency step of Df
3. Total bandwidth = N Df
4. Cross range resolution determined by number of bursts, M
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Stepped Frequency Imaging (1)

TARGET P
E:||:| O -
O

le:l
y’ \
A L
N PULSES RANGE GATE

- asu - e
Al e .I|H . i

BURST 1 BURST M

%f_/

‘ ‘ t
o
2R/ c
TRANSMITTED STEPPED
FREQUENCY WAVEFORM RECEIVED SIGNAL
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Stepped Frequency Imaging (2)

Form atwo-dimensional matrix of measurement data S( f 1, tym)

fA
1 2 M
‘ H RN “
1N 1111
i 1—} s - | u
NI - | |
N ROWS . o u b ,
PULSES) | nun I y
N - i .
M —C I f b
N\ 1 2 M y
M COLUMNS (BURSTS) l\éiﬁ\_i\U'\I}E\l\T/IIEII;I(T
N BY M
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Stepped Frequency Imaging (3)

Distance Learning

Time-frequency transform for Doppler processing

AN n N\ M AN M -n
| u | u | ———¢u
I y P NI y P NT y
1 1 MOTION 1 | 1 ' 1
1« b COMPENSATION 4 vvv vv b A —>b
—>
MEASUREMENT 1-D INVERSE 1-D FAST
DATA MATRIX FOURIER FOURIER
N BY M TRANSFORM TRANSFORM

1. Range processing: N-point 1-D inverse Fourier transform (1-DIFT) for
each of the M recelved frequency signatures. M range profiles result, each
with N range cells.

2. Cross range (Doppler) processing: for each range cell, the M range profiles
are atime history that can be | and Q sampled and fast Fourier transformed.
The result is an M- point Doppler spectrum or Doppler profile.

3. Combinethe M range cell data and the M Doppler datato form atwo-
dimensional image.
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Ultra-Wide Band Radar (1)

Ultra-wideband radar (UWB) refers to a class of radars with alarge relative bandwidth.
They include:

1. pulse compression radar
2. stepped frequency radar
3. impulse (monocycle) radar

Impulse radars have al the advantages of conventional short pulse radars. In addition,
claims have also been made in the categories of (1) improved radar performance, and
(2) ability to defeat stealth. We examine the validity of the claims (ref: Proceedings of
the First Los Alamos Symposium on UWB Radar, Bruce Noel, editor):

Clam: Penetrates absorbers because of molecular resonances.
Validity: True, but the effect appears to be weak.

Clam: Defeatstarget shaping techniques.
Validity: Trueat low frequencies, but above certain frequencies shaping is wideband.

Clam: Excitestarget "aspect-independent” resonances.
Vdidity: True, but weak resonances, not exploitable at present.

Clam: Defeats RCS cancelation schemes.
Validity: True, but so do conventional wideband radars.
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Ultra-Wide Band Radar (2)

Clam: Reduced clutter because it operates in the pulsewidth limited condition.
Validity: True, but negated by changes in clutter statistics, which vary rapidly with
frequency.

Clam: Defeats multipath.
Validity: True, but multipath is often an advantage.

Claim:  Overcomesthe 1/ R? spreading loss by "extending" the near field.
Validity: True, but not exploitable at moderate to long ranges of interest for search
radars.

Clam: Low probability of intercept (LPI).
Validity: Truein general, but not necessarily for long range radars.

Clam: Resistanceto jamming (short pulse implies narrow range gates and therefore
not susceptible to CW jamming).
Validity: True

Clam: Target identification capability.
Validity: True, but need matched filters derived from all target signature features.
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UltraaWide Band Radar (3)

Many of our assumptions used to model radar systems and components no longer
arevalid. For instance,

propagation characteristics,

target RCS,

antennagain, and

radar device characteristics,
are not independent of frequency because the bandwidth is so large. The frequency
dependence of the system parameters must be included:

_ R(H)G(f)s () Ay (f)
(4p R%)?

P

| mportant points:
1. The waveform out of the transmitter is not necessarily the waveform that is
radiated by the antenna. The antenna removes the DC and some low frequency
components. The radiated signal isthe time derivative of the input signal.
2. The waveform reflected by the target is not necessarily the waveform incident
on the target.
3. The waveform at the receive antennaterminalsis not necessarily the waveform
at the antenna aperture.

To extract target information requires a substantial amount of processing.
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Ultra-Wide Band Radar (4)
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Wideband model of the radar, target, and environment:

TRANSMITTED FIELD

TRANSMIT
TRANSMITTER =% \NTENNA ¢ Ha(f) ¢ s(f) ¢ Hc(f)
X(f)=P(f) G(f)
égagml\liﬁ; SCATTERER (%  CLUTTER
Y(H=R(f)  G(f) ¢ ¢
RECEIVER [e—— ~CHVE ‘RECIS-/)EEFIELD D=

excitation waveform:

clutter environment:;
antenna coupling:

Noi se;

x(t) « X(f)
he(t) « He(f)
ha(t) « Ha(T)
n(t) « N(f)

74

transmit antenna: g (t) « G (f)
o (t) « Gy (f)
s (t) « s (f)
y(t) « Y(f)

Thetarget’ s scattered field can be determined from Y( ) if al of the other transfer
functions are known. If they are not known they must be assumed.

receive antenna:
target:
received signal:
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UltraaWide Band Radar (5)

In general: 1. Antenna radiation requires acceleration of charge.
2. Theradiated signal is the time derivative of the input signal.

From the definition of magnetic vector potential, B=nH =N" A. Take the derivative
with respect to time

A=) A=R E A
oAt &g
Substitute thisinto Maxwell's first equation:
S B T5_ & & 30
N "E=-m-H=-K AZ
it &g
implies
e=J1 A
1t
But the magnetic vector potential is proportional to current. As an example, for aline
current
( R/c)
Alt,R) = d¢
4I0 |_

~
Therefore E 1 11T_t and the radiated field strength depends on the acceleration of charge.
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UltraaWide Band Radar (6)

UWB waveforms. gaussian pulse

1. has the minimum time-bandwidth product of all waveforms
2. spectrum has a dc component; therefore it cannot be radiated
3. used analytically because it is mathematically convenient

Truncated gaussian pulse Freguency spectrum
1 T T T T 1 T T T T
09 | é 0.9
o
8 0.8 | é 0.8
ze o
Qo 07 t = 0.7
S ul S
o 0 06t o 0.6
5 =
) 5
Q0o o5l o 05¢r
w = o
N < A g4l
1 R 04 } 0.4
< a)
=9 m
¥ =2 o3f N 03}
< -
(ONG) Z
< 02 | S o2t
x
01} CZ) 01Ff
0_2 OI 2 [Il 6 I 8 10 0 0 0.2 0.4 0.6 0.8 1
TIME, t (ns) FREQUENCY (GHz)
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Ultra-Wide Band Radar (7)

UWB waveforms: single cycle sinusoid

1. its frequency spectrum has no dc component and therefore it can

be radiated

2. relatively convenient mathematically
3. hard to achieve with hardware

ir SINGLE CYCLE SINUSOID
05
0 0.1 TIME, ns -
1 1
0.8
SPECTRUM
p fcj S(f) os6f
2 0.4
0.2+
O 1 1 1 1 1 | 1 >
0 5 10 15 20 25 30 35 40 45 50

FREQUENCY, GHz
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Ultra-Wide Band Radar (8)

. 2 2
Double gaussian: 5() = Age” At to)” | a7 22(tto)
1 . 1
05 ,% 08}
3]
S S 06}
= )
5 0 3
£ = 04}
0.5 =
- o
' € 02} frequency spectrum of
double gaussian waveform eqdoubI)(/a Zpaussian
-1 ! ! 0 N
0 2 4 6 0 5 10
time (ns) frequency, GHz
- vative & 4p 20 & 2p 20
Double gaussian derivative:  gt)=cl- — (t- to)*~expc-— (t- o)+
e Iy g e ty @
1 : 1 .
frequency spectrum of
£ 08 double gaussian
0.5} = derivative
3 3 0.6
2 7
5 O ks
(&)
E a 0.4t
05} E
' double gaussian 202
derivative waveform
-1 - - 0
0 2 4 6 0 5 10
time (ns) frequency, GHz
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RCS Consderations

- Target illumination and matched filtering:

For very short pulses the entire target may not be illuminated simultaneoudly.
Therefore the time response (shape) depends on angle.
» The time response differs with each target. The basis of matched filter design
no longer holds.
- Target resonances.
Resonances are a characteristic of conducting structures
- Standing waves are set up on the structure when its dimension is approximately an
integer multiple of ahalf wavelength
» The standing waves result in enhanced RCS relative to that at non-resonant
frequencies
* |n general, atarget has many resonant frequencies due to its component parts (for
example, aircraft: wings, fuselage, vertical tail, etc.)
= Applications:
1. Detection: given a specific target to be detected, use a knowledge of its
resonant frequencies to take advantage of the enhanced RCS
2. ldentification (ID): when atarget is detected, examine its resonant
frequenciesto classify it
= Nonconducting (lossy) structures also have resonances, but the RCS enhancement
Isnot as strong asit isfor asimilar conducting structure

79



Naval Postgraduate School Microwave Devices & Radar

Distance Learning

Time Domain Scattering

Double gaussian incident wave
Thin wire target

Normal incidence

——_—— 3
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(From Morgan and Walsh, IEEE AP-39, no. 8)
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F-111 Resonant Freguencies

¢ PREDICTED EIGENMODE COMPUTED RCS
H - POLARIZATION REFERENCE =34 dB
0 Q%g
593995 A
PR E=2
> S%%%Sﬁ 5(26 963969@6566&,’??3866
10
RCS, dB
15 é)
20
25
20 ‘ -
0 5 10 15 20 25 Q0

FREQUENCY, MHZ
(From Prof. Jovan Lebaric, Naval Postgraduate School)
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Currentson aF-111 at its First Resonance

# Figure No. 4: CURRENT MAGNITUDE in dB, dB range =20, f =5.0658MHz
File Edit “Window Help
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(From Prof. Jovan Lebaric, Naval Postgraduate School)
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4 Figure No. 8: E_TOTAL MAGNITUDE, Surface Section Removed
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(From Prof. Jovan Lebaric, Naval Postgraduate School)
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Antenna Consderations

1. Referring to the UWB form of the RRE, the antenna gain aperture product
Gt A should be independent of frequency. This cannot be achieved with
a single antenna.

2. Low gain antennas have been used successfully. High gain antennas are
not well understood.

3. Beamwidth depends on the time waveform. Example: pulse radiated

from an array.

V4
N

T ~——  WAVEFRONTSDEFINE
| L« EDGES OF ANTENNA BEAM
N )‘/

L A

|

’ \
N

' g=gnYct /L)

N\
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Brown Bat Ultrasonic Radar (1)

Bats navigate and capture insects by an echo location technique that combines time
and frequency domain operations. It haslead to the imaging technique called
spectrogram correlation and transformation (SCAT).

Frequency range: "y
15-150 kHz _i!‘;:;
L& Gl 5 — ML
Sweeps _two frequency ,:cﬁ < largetrange ‘}
ranges simultaneously: 22 B
50-22 kHz i "
100-44 kHz .
Linear FM waveform
(chirp)
Integration time:
350ns
! spectrogran Ect ram
(From |EEE Spectrum, March 1992, £ My J T g
p. 46) T B N sk o T s
1:‘ I - ' .'."'.,"{ . et bl _"" _"’_|_ = __': by, Al
- q.-.- al. 00 T e, *- 174
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Brown Bat Ultrasonic Radar (2)

Bat pursuing prey: - Typical target (insect) flutter rate: 10-100 Hz
Hash marks denote positions of chirp emission

(From: |EEE Spectrum, March 1992, p. 46)
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Doppler Weather Radar (1)

The echo from weather targets (rain, snow, ice, clouds, and winds) can provide
information that can be used to map precipitation and wind velocity.

Reflectivity measurements are used to estimate precipitation rates (echo power isthe
zeroth moment of the Doppler spectrum). Higher moments of the Doppler spectrum
yield additional information:

1. Mean doppler velocity (first moment normalized to the zeroth moment)

Oy VS(v) dv

0y V)dv

gives a good approximation to the radial component of the wind.

2. Spectrum width, s, (square root of the second moment about the first moment of

the normalized spectrum)

V =

(2 _0y(v- V) S dv

Y 8y S(v)dv
IS ameasure of the deviation of the velocities of particles from the average. Itisan
indication of turbulence and shear.

The doppler spectrum’s zero and second moments can be estimated by noncoherent
radars, but only coherent radars can measure the first moment.
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Doppler Weather Radar (2)

Radar primarily measures scattering from rain, snow and ice particles. Typical
frequenciesareinthe L, Sand C bands (1 to 8 GHz). The scattering particles arein the
Rayleigh region. The RCS of an individual particleis given by

5

Si:?4

mé -1
me +2

2 5
D! = °4|KP Df

where m=n- jn¢=./e; isthe complex index of refraction (e, = e¢- jed isthe complex

dielectric constant) and D the diameter of the particle. Values of K[ arein the range
of 0.91t00.93for 0.01£1 £0.1. Definethetarget reflectivity Z of N particlesin
volume DV :

P° 2 1N
sioh(DV):—4\K\ Z where Z=— a D
1 I DVi=

S = 0

Il Qo=

Assume: 1. precipitation particles are homogeneous dielectric spheres

2. dl particlesin DV have the same [K|* and D

3. DV istheradar resolution volume assume it is completely filled with
particles

4. multiple scattering is neglected
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Doppler Weather Radar (3)

Weather radar equation for the average power received from a single particle
__RG’%;

(4p)’°LR

The one-way atmospheric attenuation lossis 1/L; = exp[— ZQR’ (@ gas + @ partidles )dR]

PUL SE SHAPE, W(R) Theillumination of particles within
y\ a pulse volume (resolution volume)
. Is not uniform:

DROMETEORS

=0l

1. there are azimuth and elevation
tapers due to the beam shape |Enoqm|
2. thereisarange taper due to the

pul se shape and receiver frequency
characteristic, W(R)

\ ) Assume that the weight functions
BEAM SHAPE, | Enom (4.1 ) are amaximum at the center of the
cell, range R,
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Doppler Weather Radar (4)

Weather radar equation becomes
= 4 h2 0
B = P[Gg| Z@Si‘Enorm‘ W= (R) =+

(4p)* &= URY F
Replace the summation with an integral and assume that the contributions to the integral

from outside of the resolution cell are negligible

_ PG Y 2P E g
Pr_ d/V (R)Rod C\)C\) norm andqdf
(4I3)3|:\’S1 00 ‘
Assume a gaussian shaped beam of theform G(q,f) =G \Enorm\z where
B = P
= expt——>
norm ngSBg

and the HPBW is 29, S é = qé /(8In 2). The antenna beam integral above becomes

2
P 2P| 4 _ P9
Cgcgp‘Enorm‘ qudqdf _8|—I’IBZ
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Doppler Weather Radar (5)

The range illumination not only depends on the pulse shape, but also the receiver
frequency characteristic. In generd

¥

w2 _1oct

Y, - - 7

MV (R)IR =
where 1/ L, isthe receiver loss factor dueto finite bandwidth. For arectangular pulse
and a gaussian frequency characteristic with Bgt » 1 thelossis2.3dB. (Bg isthe 6 dB
bandwidth of the receiver.) The radar equation becomes:

RG *hpgd

B =
" (4p)°R2LAL,8In2 2

The signal-to-noise ratio can be expressed as

~ _ (CONSTANTS) ct 2
R L, Byt

Unlike point targets, the maximum SNR does not necessarily occur for Bgt » 1. The

optimum SNR consists of a matched gaussian filter and pulse which together yield the
desired resolution.

SN
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|mplementation and Interpretation of Data (1)

1. Spectral broadening is approximately gaussian with avariance

s2=s2+s2+s5+s?

where the sourcesare: shear, s 2
antenna modulation, s r%
different particle fall rates, s 5

turbulence, s t2

Large spectral widths (3 5 m/s) are associated with turbulent gusts (3 6 m/s).

2. Requirement for echo coherency: want large Ty, for large R, but small T, isdesired
so that the returns from pulse to pulse are correlated. Typical guideline

I cl
—3%2psy P —32ps
2T, v 4R, v

3. A single doppler radar can map the field of radial velocity. Two nearly orthogonal
radars can reconstruct the two-dimensional wind field in the planes containing the
radials.
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|mplementation and Interpretation of Data (2)

4. When the assumptions about the scattering particles are not valid then an effective
radar reflectivity can be used. (Itisthe equivalent Z for spherical water drops that
would give the same echo power as the measured reflectivity.)
_z*
. 2

P 5| Kuwl

e

where K, denotes water. The units of dBZ are sometimes used

&z, mm°®/m30

dBZ _10|OglOg 1 mm6/ m3 ”
Typical values:
Ze Precipitation Rate (mmv/hr)
dBZ 1 10
rain 23 39
snow 26 43
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|mplementation and Interpretation of Data (3)

5. The echo sample voltage from N. scatterers at time t, is of the form
s .
Vita) 1 & A(R (tn) exp{j 2R (tn)}
1=

where A dependson s, |Enorm @i f | )\4 and Bgt . The power averaged over one cycleis

Pn i3 8 8 Ak ez, - /)
p=1
P(th) 1 %:_S —;NS Y Aqexp{JZk(R Pq}

%/_/
INCOHERENT . pl q
SCATTER COHERENT SCATTER

The second term is negligible for spatially incoherent scatter, but is significant for
scattering from particles that have their positions correlated. An exampleis Bragg
scatter from spatially correlated refractivity fluctuations. Bragg scatter is usually
negligible for precipitation backscatter, but not clear air echoes (Angel echoes).
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Implementation and Interpretation of Data (4)

Sample PPI displays for wind velocity variations (from Brown & Wood)

Uniform direction, linear variation with height Uniform speed, linear direction change with height
W o m N — i ;
B = . :_; N
m i___.. L ™ é:z - \-\
pum = b kY
L !. L LLH?{F Ea £ \I I

T1Ed IR 270 FI% 3 \\}?‘ 9 135 180 25 2%
! j2 BIMCCTION (DER 124 M BIRECTICH 1€CG]
W r _w 1 »9 L
- b f.f >> ‘:':
'I-h—- guE % E:z L
A i 4" 2] ¥ |
T R N o 4 Ll -

STCD 1ETH é SPCER T

— e
W £
g — :;z L
n a
¥
e '
181 375 & US HD
w2 DIRECTION 1006)
- a
" E .
| cizh
o d
" lp -D o
0 20 40 Kb
SPECC 1T
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|mplementation and Interpretation of Data (5)

Weather images (from Brown & \Wood)

Tornadoes are often located at the end of hook- Tornado vortex signature (TVS): central pixels near the
shaped echoes on the Southwest side of storms beam axis indicate exceptionally strong winds

fg Storm Relative Velocity Image
IM:ZM SHM-TR=DBLZM WAI=RE-CHTR SK-m{I=$X SNIE-[gMI=FULL UNZM rqMt=UNZM

| uaps  [QEFPPRNY ) teeads I wSect Jf Raviata f ] Anaokate |

» Gracemont

= CADDD

" __".‘___-__ Fiinhh /T Vaskika L I
S o o

SRS |

- 1L = A slarku
n

= Stecker

= “Fletcher
—
= RushSpgs

= Sterling

Direction 215.00. Spend’1#%00

05/03/99 Vol: 13 Cirhz: 240.4dg Val: -010.5
22:20: 25 UTC Swp: 3  CtrBn: 94.%an  Hgt: 4.5 km SelBn: .
KTLE voP: 11 Mag: = El: 2.4dey Nygst: 2fm/s
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Clear Air Echoes and Bragg Scattering

Bragg scatter occurs when the round trip path length difference between periodic
scattering elementsis an integer multiple of 2p

V4

A DIRECTIONS OF
MAXIMUM SCATTERING
(ROUND TRIP PATH
LENGTH DIFFERENCE

A MULTIPLEOF 2p)

\\ :
q Iy 2kdsin(gpn)=2pn

Periodic variations in the index of refraction occur naturally (locally periodic turbulence
and waves, insect swarms, birds, etc.) Echoes from these sources are called Angel
returns. Another example iswing tip vortices from an aircraft.

D/~<;’ i
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Weather Radar Example

Radar with beamwidth of 0.02 radians tracks a 0.1 square meter target at 50 km. Find
the signal to clutter ratioif h =1.6" 10 8 m?/m>andt = 0.2 ns

RG2 %hpg2 o

Clutter return: C=PR =
" (40)°RPLEL 8In2 2
2 2
Target return: P = Ptc330|4 52
(4p)°RIEL
Assume all losses are the same for the target and clutter. Therefore, the power ratio
becomes
SCR:E _ 52t16ln22
R ggpcthRy
SCR= (0.1)(16)In2

p(0.022)3 168 )o.2” 10-® 1.6 10" po0002
SCR=0.368=- 4.3 dB
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Monolithic Microwave Integrated Circuits

- Monalithic Microwave Integrated Circuits (MMIC): All active and passive
circuit elements, components, and interconnections are formed into the
bulk or onto the surface, of a semi-insulating substrate by some deposition
method (epitaxy, ion implantation, sputtering, evaporation, or diffusion)

. Technology developed in late 70s and 80s is now common manufacturing
technique

Potential low cost

Improved reliability and reproducibility

Compact and lightweight

Broadband

Design flexibility and multiple functions on achip

. Advantages.

- Disadvantages. Unfavorable device/chip arearatios
Circuit tuning not possible
Troubleshooting a problem
Coupling/EMC problems

Difficulty in integrating high power sources

UUUUU UTUUUTU
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Tile Concept

Low profile, conformal
RADIATOR

FEED LINE

GROUND

PLANE
yd
/ OTHER
Z DEVICE
LAYERS

From paper by Gouker, Ddide and
Duffy, IEEE Transon MTT, vol 44,
no. 11, Nov. 1996
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Module Concept

- Independent control of each element

RADIATING I I
ELEMENT ’
EDGE ACTS
ASGROUND
PLANE

2 s
/ FEED LINE

MODULE (PHASE
SHIFTER, LNA, ETC)

From Hughes Aircraft Co.
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MMIC Single Chip Radar (1)

- Transmitter: Frequency 5.136 GHz
FM mod BW 50 MHz
Output power +17 dBm
Phase modulation:  Code BPSK
Phase Accuracy + 2°
Amp balance +05dB
Mod rate 50 MHz
Switching speed 3 nsec
Recelver: 3dB BW 50 MHz
Noise figure 30 dB, max
Power supply: 5VDC, 400 mA
Temperature range: - 55" to 75°

Reference: “A MMIC Radar Chip for Usein Air-to-Air Missle Fuzing Applications,” M Polman, et a, 1996 MTT International
Symposum Digest, vol. 1, p. 253, 1996.
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MMIC Single Chip Radar (2)

PR -
BurrLCR out Pul PHAEL anELIFICRE S st
WEG AR IFIERS BUFFLE e HODUL AT O HANEE E’f!é&nfoﬂ
:zf'?:sr" D—@—/ > WH e
A _[_ ot et
nMPLIFICA
4
"
sorEse »
B[ HH 2HH 22} il
5 [:]_ SCrL ? Bvwasl c J I_
DIVIGCRE DIviDIEAs |
Eﬁ [".
| |

LTl L]

FHEEE SO0 AT T8N TRRUTE

Reference: “A MMIC Radar Chip for Usein Air-to-Air Missle Fuzing Applications” M Polman, et d, 1996 MTT International
Symposium Digest, vol. 1, p. 253, 1996.

103



Naval Postgraduate School Microwave Devices & Radar Distance Learning

MMIC FMCW Single Chip Radar (1)

- Transmitter: Frequency 94 GHz
FM mod BW (Df) 1 GHz
Output power 5 mwW

- MPA (Power amplifier): Gain 6 dB
1 dB compression point 7to8dB
Saturation power 12to 13dB

- LNA: Gain 18t0 20 dB
Noise figure 6to7dB

- Coupler: Coupling coefficient 10dB
|solation 20 dB
Return loss 20 dB

- Mixer: Conversion gain 9dB
Noise figure 7.5dB
| F frequency 1.5 GHz

Reference: “ Single Chip Coplanar 94-GHz FMCW Radar Sensors,” W. Haydl, et d, IEEE Microwave and Guided Wave Letters,
val. 9, no. 2, February 1999.
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MMIC FMCW Single Chip Radar (2)

Reference: “Single Chip Coplanar 94-GHz FMCW Radar Sensors,” W. Haydl, et d, IEEE Microwave and Guided Wave Letters,
vol. 9, no. 2, February 1999.

MPA MPA 10
e TRANSMIT 10
oR ANTENNA & 1 2
=@E 5
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TO z% ] o
RECEIVE < W 1 [+ 4
{J I - w
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E o 1 a
i g & 1% E
29 1~ E
Block diagram of a 94-GHz FMCOW sensor MMIC o ] o
i § § g F -0
80 82 54 ] 58 100
VCO MPA MPA, FREQUENCY (GHz)
y ¥ .0 B E T R IE e
E IF signal from o | square cm metal targe at 2 m(below )
o
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= — B T T T T T T T
{ |
> 65 | 4
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o 0 L
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Actual chip sizeis2 by 4 square mm

IF FREQUENCY (MHz)
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Defeating Radar Using Chaff

Al
RGE
AIR O\)\\\Dﬂx
DEFENSE GR &

RADAR %

ATTACK
APPROACH

Chaff floods the radar with false targets.

The radar is aware of the intruder.
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Chaff (1)

Chaff isameans of clutter enhancement. Common chaff consists of thousands of
thin conductive strips. For a narrowband radar the strips are usually cut to the same
length; one that corresponds to aresonance. The shortest resonant length is about

¢ =0.45 asshown below (the exact value depends on the dipole diameter, d).

1.5

]_-
s /]2

0.5F

O 2 2 2
0.2 0.4 06 08 1 1.2
(11

After the aircraft discharges the chaff, it expands to form acloud. Inthe cloud, the
dipoles are usually modeled as uniformly distributed (uniform density) and randomly
oriented. The dipole scattering pattern, where g is measured from the dipole axis, is

$(9) =S maxSin°(q)
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Chaff (2)

Maximum broadside backscatter for adipoleis
) I05 /8

161 4(log(2¢/d) - 1)°
The average RCS over dl anglesis

S max

S =as (q.f)snqdgdf =2s g

An approximate value good for most calculationsiss » 0.15l 2. For ashort time after
the chaff has been discharged, the RCS of the chaff cloud can be approximated by

S »A:(L' e—ns_)

where A is cross sectional area of the chaff cloud presented to the radar.

AREA PROJECTED
TO RADAR

CHAFF CLOUD
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Chaff (3)

The number of dipolesin the projected planeisn= N/ A., N being the total number
of elementsin the cloud. After the dipoles are widely dispersed n becomes small and

S¢c»ANS =NS

Example: Number of resonant dipoles required for an average cloud RCSof S, =20
dBsm at a frequency of 2 GHz.

The average RCSfor adipoleiss » 0.15l 2 =0.0034. Therefore the RCS of acloud
of randomly oriented dipoles (which isthe case at latetime) is

S:» NS P N »100/0.0034 =29412
"Advanced" chaff designs:

1. Multiband chaff: bundles contain multiple resonant lengths
2. Absorbing chaff: resistive material absorbs rather than reflects
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Chaff and FHares

F-16 dispensing chaff and flares (USAF photo)
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Bistatic Radar (1)

Bistatic radars were among the first deployed radars. The German Klein Heidelberg
radar of WW |1 used the British Chain Home radar as atransmitter. Recelverswere
located in Denmark and the Netherlands. It was capable of detecting a B-17 at 280

miles. Bistatic gave way to monostatic because of several factors:

. excessive complexity

- high costs and other solutions competing for $

- degraded performance relative to a monostatic radar
-- reduced range and angles
-- limited engagement capability
-- degraded range and doppler resolution

- limited data and field tests

- threats insignificant

- monostatic mindset

Unique aspects and challenges of bistatic radar include;
- difficulty in measuring range
- efficient search and dealing with “pulse chasing”
- synchronization of the transmitter and receiver
- adsgnificant advantage against stealth targets: forward scattering
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Bistatic Radar (2)

Hitchhiker radars systems do not have their own transmitters, but use “transmitters of
opportunity” which include
- other radars (military or civilian)
- commercial transmitters (televisions stations, etc.)
may be cooperative or non-cooperative

Echoes from targets are received and processed by the hitchhiker radar

limited ranges and engagement
- degraded performance, especially for non-cooperative transmitters

Special cases:
R >> R, : receiver centered (standoff TX with RX on penetrating aircraft)

R, >> R;: transmitter centered (missile launch alert)
cosite (trip-wire fences; satellite tracking from ground sites)
RECEIVER CENTERED TRANSMITTER CENTERED COSITE

R N R R N
X kF\’X TXz RX ™ U RX
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FLIGHT-TRACK

BY MATTHEW L. WALD
Rew Vol Tirmen

BOIHEMIA, N.Y.

HE FIERY ending of

TWA Flight 800 cast
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ness. But some key data for
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ransportation Safety Bonrd
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Microwave Devices & Radar
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the like.
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Bistatic Radar (3)

Distance Learning

“Rabbit Ear” Radar

Once upon atime people had rabbit ear antennas on their televisions. Over arelatively
wide area around airports, e.g., LAX or SFO, almost every aircraft takeoff caused
interference with the TV. Thisisthe same situation as a bistatic hitchhiker radar:

- transmitter istheloca TV sation
- recelverisyour TV set

The picture flutter and snow are due mainly to a mix of forward scattering and direct path
sgnals

Bistatic Alert and Cueing (BAC)
- for passive situational awareness (PSA)

- standoff aircraft such as an AWACS is used as an transmitter /illuminator
- multiple dispersed receivers are used

- Important issues include bistatic clutter, ECM and cost
Multistatic Radar

. two or more receivers with common or overlapping spatial coverage
- datais combined at a common location

- usually noncoherent (example: Space Surveillance System)
- when combined coherently, the radar net is equivalent to alarge baseline array
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Bistatic Radar (4)

Distance Learning

Bistatic radar range equation:
1

¢ RGG/|SgRFG, W
(RI‘ Rt)max = ? 3 l-;l
@(4{3) KTsBn(S/ N)min LtLy d

S g = histatic RCS
K, R = transmit and receive path gain factors
L, L, = transmit and receive |osses

Radar and target geometry:

z A TARGET

BISTATIC

ANGLE, b

R
X
- o

TX RX

BASELINE, L
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Bistatic Radar Example

Example: A buoy is dropped in the center of a1 km wide channel to detect passing ships.
A 1 W transmitter on the buoy operates at 1 GHz with a0 dBi antenna. Thereceiver is
located on an aircraft flying directly overhead. Thereceiver MDS is—-130 dBW and the
antenna on the aircraft has a 20 dBi gain.

(@) What is the maximum range of the receive aircraft if the ship RCSis 30 dB? Neglect
losses and multipath.

Assume that the ship is as far from the buoy as possible and that the receive antenna beam
Is pointed directly at the ship

5 - RGG s 5 _ (1(100)(1)(1000)(0.F) _
| GpPRR (4p)(0)°R
(b) If the aircraft had a monostatic radar, what would be the required transmitter power?
_RGA%
" (4p)°R*
The increase in transmitter antenna gain in the monostatic case more than makes up for
the monostatic R factor.

10 8¥p R =6735m

=108 p R=045W
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Bistatic Radar (5)

Define the bistatic radar parameter, K, and the bistatic maximum range product, K :
_ RGG/ s gR°R?G,
 (4p)’KTBLL,
Constant SNR contoursin polar coordinates are Ovals of Cassini

(F?,Rt)2 = (r2 + L2/4)2 - 12 coszq

K
S/N =
(r® + L%/ 4)? - r?L%cos’ q

where K

2 _,2_
(RR)max =K = (SIN)

Operating regions.

L > 2+k , two separate €llipses enclosing the transmitter and receiver
L < 24k , asingle continuous ellipse (semimajor axis b; semiminor axis a)

_ _[2 2 L _L
a=(R+R)/2 b=+a - (L/2) e_R+Rr_2a

L = 2vk , lemniscate with a cusp at origin
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Bistatic Radar (6)

Example: constant SNR contours for K = 30 L/ (“Ovals of Cassini”)

Special cases: receiver centered (L > 2vk , R >> R ), transmitter centered (L > 24k
R >>R), cositeregion (L < 24k ). The maximum SNR occurs at b = 0 and has avalue

(NR)max = K/ b*. The minimum SNR occurs at the maximum bistatic angle (along the
baseline perpendicular) and has the value (SNR) i, = K(1+ cos(29n 1(e))2 /(4b4).
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Bistatic Radar (7)

Bistatic radar operation is often limited or constrained by the maximum or minimum
bistatic angle. Contours of constant bistatic angle, b, are circles of radius

r, =L/(2sinb)

centered on the basaline hisector at
d, =L/(2tanb)

N

2 1 TX 0 RX 1 2

The dimensions are distance normalized by baseline, L
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Bistatic Radar (8)

Bistatic range cells are defined by elipsoids R + R =2a. Therange cell sizeis

approximately given by
DR o ct

DR =
7 cos(b/2) 2cogb/2)

The maximum error occurs along the perpendicular bisector and is given by
/2 /2
-%EEELleaeb:Gf-UJij and be= ((a9? - (L/2)2)

d
M~ 1 be- b)
ISORANGE ELLIPSOIDS
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Bistatic Radar (9)

A family of isorange contours is associated with each Oval of Cassini (contour of
constant (S/ N)min ). Both equations are satisfied by the same bistatic angle, b,
yielding the equation

, /2
€ u
(R + R e = §L2 +2(RR ) max (1 +cosb )
E K d
ISORANGE CONTOURS TARGET 1

The SNR is different for targets at various locations on an isorange contour.
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Bistatic Radar (10)

Target location can be computed if the time delay of the scattered pulse is referenced to
the transmission delay directly from the transmitter

(R+R)=cDT+L
where DT isthetime difference between reception of the echo and the direct pulse

Unambiguous range isgiven by (R + R ), = ¢/ f, which describes an ellipse with
semimgor axis of length c/ f,.

Target velocity is computed from the doppler shift, which in the bistatic caseis given
by

u_ 1edR N dR (_ 2v
= 2
(Rt R’)u e T qtas ] cosd cos(b /2)

fo = Iedt

d—Ft\)( = the projection of the target velocity vector onto the transmitter-to-target LOS
dR,

dt

Vi = thetarget velocity projected onto the bistatic plane

d = angle between target velocity vector and the bistatic angle bisector

= the projection of the target velocity vector onto the receiver-to-target LOS
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Bistatic Radar Example

(@) A target is approaching the transmitter at 100 m/s. What is the doppler shift when the target

location on its approach is perpendicular to the receiver line of sight?
TGT

oR R
N Sjv=100ms =g
a M > T4

> L RX
g =60 AR0_ V100550,
| edt dtu |
(b) The echo from the target arrives DT) =200 nrs after the direct transmission. Therecelve

antenna beam is 30 degrees from the baseline. Find the target ranges to the transmitter and
receiver if the baselineis 30 km.

et/ R?=R?+L°- 2R Lcos(30°)
30° (R+Rr):CDTL +L
TX L RX

Solve the two equations for theranges. R =56.23 kmand R, = 33.76 km

R
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Line-of-Sight Constrained Coverage (1)

Both the transmitter and receiver must have line of sight (LOS) to the
target. Example of overlapping LOS coverage for abistatic radar for a
target height of zero:

TRANSMITTER
LOS

ll RECEIVER
LoS (SLANT RANGE
TO HORIZON)

COMMON
LOS AREA

EARTH'S
SURFACE

GROUND RANGE
TO HORIZON

hy = transmit antenna height
TO EARTH
CENTER h, = receive antenna height
Ryt » 130/ hy + by km hgt = target height
L £130/h +h km for direct transmission from TX to RX
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Line-of-Sight Constrained Coverage (2)

Top view of overlapping coverage

COMMON
AREA

Common area: A, :%[Rﬁr(fr - gnf r)+R|g|t(ft - Si”ft)]

62 P2 20 62 _ p2 .20
wheref; =2cos 1{?3%” R +L Uand f, :Zcos'léRE" R L U, The equation
2Ryl § 2R, L
holdsfor L+ Ry, £ Ryt £L + Ry, or L+ Ryt £ Ry, £ L + Ryt (one circle does not
completely overlap the other).
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Bistatic Radar (11)

Detection of atarget requires that the target be in both the transmit and recelve beams as
the pulse illuminates thetarget. Thisisreferred to as beam scan on scan, and it can be

accomplisned in four ways.

1. One high gain beam on transmit and one high gain beam on receive. Thisrequires
that the recelve beam follow the pulse as it propagates through space (pulse chasing)

Requires very fast receive beam

PROPAGATING TRANSMIT scanning capability (implies an
e BEAM SCAN electronically scanned phased

/7 array)

RECEIVE
BEAM
"PULSE
CHASING"

. Time consuming for search

X BASELINE RX
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Bistatic Radar (12)

2. One high gain beam on transmit and multiple high gain beams on receive.

. Complex receive array required

MULTIPLE
RECEIVE

BEAMS . Rapid search of large volumes

. Only process range cellsilluminated
by the transmit beam

TX RX
3. Floodlight transmit (W = W) with high gain receive beam
4. High gain transmit beam with floodlight receive beam (W5, = W)

The last two approaches are not normally used because
- Mainbeam clutter large
- Angle accuracy low
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Bistatic Footprint and Clutter Area (1)

Simple antenna beam model: 1) constant gain within the HPBW, zero outside, and
2) circular arcs are approximately straight lines. Example of bistatic footprint (for small
grazinganglesand R + R >>L):

COMMON BEAM AREA
IS APPROXIMATELY
A PARALLELOGRAM

(qu Br )(th Bt)

1. Beamwidth limited: (entire shaded area) A. » anb
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Bistatic Footprint and Clutter Area (2)

_ . 5 (quBr) __CtRag,
2. Pulsewidth (range) limited: A. DRcos(bIZ) = 2c08(b/2)

ISORANGE DR

CONTOURS
(SEGMENTS OF ‘
ELLIPSES) /
dpr \
RX
dpt
/ L
ct R+R >>L

DR
TX ” 2cos(b /2)
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Bistatic Radar Cross Section (1)

- Bistatic RCSis characterized by large forward scatter, particularly in the optical region

- The strength of the forward scatter depends on the target size and shape, aspect angle,
frequency, and polarization

. For b » 180" the radar can only detect the presence of atarget between the transmitter
and recelver. Therange isindeterminate (due to eclipsing of the direct pulse by the
scattered pulse) and the doppler is zero

- Babinet’ s principle can be used to compute the forward scatter

Example: A 2mby 5 mrectangular plateat | =1 mand b »180" has aforward scatter

RCS of approximately

Ap A2
SgE» TZ :1260m2

If the radar can detect 5 m2 targets, then the detection threshold is exceeded out the
fourth sidelobe of the sinc pattern (40° from the forward scatter maximum). This
corresponds to abistatic angle of b » 140°. The forward scatter HPBW is approximately

| /2by!| /5radians(23° by 11°).
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Bistatic Radar Cross Section (2)

Comparison of the bistatic RCS of spheres and disks of the same diameter (f; =0")

Rayleigh region, a=0.025I Optical region, a=2.5I

40
disk
-35 ' 30}
-40
20}
8 -4 3
. 10}
AN N
7p] 7)) Ot

10
65 ] -20
. | f - polarization 3 | f - polarization
0 50 100 150 0 50 100 150
Bistatic angle, degrees Bistatic angle, degrees
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Bistatic Radar Example Revisited

Example: Returning to the previous example regarding a buoy that is dropped in the center
of the channel to detect passing ships. Compare the transmit power for the bistatic and
monostatic cases if the bistatic RCSis 10 dB higher that the monostatic RCS.

For an altitude (range) of 6735 m the monostatic radar required B, =0.45W assuming that

the monostatic and bistatic cross sections are the same. |If the bistatic RCSisincreased by
10 dB then the buoy transmitting power can be reduced by 10 dB, or

R=01W

Comments. 1. One advantage of the bistatic radar is that the aircraft position is not
given away

2. Achieving a 10 dB RCS advantage would probably require alimited
engagement geometry that puts the receiver aircraft in the target’s

forward scatter beam. Thiswould be difficult to insure with a ground based
transmitter and an airborne receiver.

3. The receiver dynamic range and pulse timing may be a problem
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Bistatic Radar Cross Section (3)

Bistatic RCS of a5l sguare flat plate using the physical optics approximation

120

270

133

51 SQUARE PLATE

FORWARD
SCATTER

SPECULAR
REFLECTION



Naval Postgraduate School Microwave Devices & Radar Distance Learning

Cross Eye Jamming (1)

The cross eye technique uses two jammers to produce a large phase error across

the radar's antenna aperture:
JAMMER #1 :
< 180" phase difference
Eb RADAR
JAMMER #2
The jammers create two apparent scatterers that are out of phase with the following
results:
Passive Target With Cross Eye
S Channel Max Null
D Channel Null Max

Tolerances required for the microwave network: Phase: ~ 0.3
Amplitude: ~0.05 dB
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Cross Eye Jamming (2)

1. Radar wave arrives at an angle g
2. Path difference between two adjacent elements (1-2 and 3-4) is Dy

3. Path difference between two inner most elements (2-3) is D,

4. Line length between inner-most elementsis L ; between outer most elements L +p
N\

N . \/ Dl

AN

AN \/
/\\ N
CN
AN

WAVE FRONT

AN

D, N D,

N

X
AN \\ \
1 L2 3 Y,
JAMMER #1 JAMMER #2

180°

Signal path to and from radar:

Outer elements: F,=R+2D; +D, +L+p + R(

TO#1 '

Inner elements: F 3= R+D; +D, + L+ D,
N\ ~ J %K_J

TO #2 FROM #30

|
+Ryp F14+F23:O
|
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ECM for Conical Scanning

Conical scan is susceptibleto ECM. A jammer can sense the radar's modulation and
compensate for it. Therefore the radar believes its antennais "on target” whenin
fact it isnot.

TARGET RETURN
GENERATED BY

= npnlnonll .

JAMMER SIGNAL

plle oflg ¢

TOTAL SIGNAL

It is usually sufficient for the jammer to just change the modulation (level or period)
to spoof the radar.
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Ground Bounce ECM

Distance Learning

A jammer illuminates a ground spot. The radar receives areturn from the target and
the ground spot. The radar will track the centroid of the returns, which is an angle
determined by aweighted combination of the two signals. The centroid will bein a

direction closer to the strongest signal. Therefore the jammer signal must overpower
the target return to defeat the radar.

RADAR
TARGET/JAMMER

SURFACE

Ground bounce ECM isusually only applied at low altitudes where a strong
controlled reflection can be generated.
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Suppression of Sidelobe Jammers (1)

Techniques to defeat sidel obe jammers:

1. antenna sidelobe reduction
2. multi-channél receiver techniques:
a) sidelobe blanking: blank the main receiver channel (i.e., turn it off)
if asignal arrives via asidelobe

Turn off the receiver for angles where G, x (@) > G(q)

ﬁ JAMMER
AUXILIARY ANTENNA DIRECTION

PATTERN FOR

YYYYYYYYYYYYYYY SIDELOBE BLANKING

| MAIN ARRAY | TAUX Gaux () %
COMPARE ¢—<7 4 ﬂ

il
MAIN ARRAY PATTERN U
G(q) T~
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Suppression of Sidelobe Jammers (2)

b) coherent sidelobe cancelers (CSLC): coherently subtract the signal
received via the sidelobes from the main channel signa

A CSLC requires an auxiliary antenna pattern with a null colocated with the
main array beam maximum.

JAMMER
AUXILIARY ANTENNA
TYYYYYYYYYYYYYY YYYTY PATTERN FOR DIRECTION
MAIN ARRAY | L AuX] SUBTRACTION

+ |

? _ - 5w Gaux (9) ~

MAIN ARRAY PATTERN
G(q)
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CSLC Equations for an Array Antenna

For ssimplicity neglect the element factor
gy = jammer angle

AF(g;) = main antenna array factor in the direction of the jammer
AUX(q ) = auxiliary antenna pattern in the direction of the jammer

Compute the complex weight:

¥(@y) = AF(@y)- W>AUX(qy)° 0

or, assuming that AUX(g;)?® O,
W = AF(d,)
AUX(q;)

If AUX(qj) > AF(qy) then |w [E 1. The array response at an arbitrary angleq is

)= AF(@) - 5 s AUX(@)
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CSL C Performance

Example of CLSC performance for a50 element array with d = 0.4l . The
auxiliary array has 8 elements with "phase spoiling” to fill in the pattern nulls.

RELATIVE POWER, dB

MAIN ARRAY AND AUXILIARY

30

201

10}

-10

20+

-30H

-40

ANTENNA PATTERNS

By

0 50 100 150

PATTERN ANGLE, DEG

141

RELATIVE POWER, dB

ARRAY RESPONSE FOR
A JAMMER AT 40 DEGREES

0 50 100 150

ARRAY SCAN ANGLE, DEG
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Adaptive Antennas

Adaptive antennas are capable of changing their radiation patterns to place nullsin
the direction of jammers. The pattern is controlled by adjusting the relative magnitudes
and phases of the signals to/from the radiating elements. Adaptive antenna mode!:

COMPLEX WEIGHTS

Wn :|Wn|ean

[Wi |/ [Wimax |

SUMMING NETWORK

Fn- I:ref
'

In principle, a N element array can null up to N - 1 jammers, but if the number of

jammers becomes a significant fraction of the total number of e ements, then the pattern
degrades significantly.

The performance of an adaptive array depends on the algorithm (procedure used to
determine and set the weights). Under most circumstances the antennagain is lower
for an adaptive antenna than for a conventional antenna.
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Laser Radar (1)

Naval Postgraduate School

Laser radar (also known as lidar and |adar) operates on the same principle as microwave
radar. Typical wavelengths are 1.06 and 10.6 mm. Atmospheric attenuation is a major
concern at these frequencies. Laser radars are shorter range than microwave radar.

Typical radar/target geometries:

DIVERGING BEAM

LASER/
TRANSMITTER

N
COLLIMATED BEAM  \ TARGET

NARROW FIELD y ¢

OF VIEW\\/

OF VIEW

RECEIVER/
DETECTOR
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Laser Radar (2)

Advantages, disadvantages, and uses of laser radar:
- Small wavelength permits accurate range measurement
- Narrow beams and fields of view allows precise direction (pointing) information
- Narrow beams and fields of view implies poor search capability

. Laser radars are generally used in conjunction with other sensors:

1. Withinfrared search and tracking (IRST) and thermal imaging systems
to locate threats in volume search

2. Used with microwave radar to improve range and angle information

- Atmospheric effects are very important:
1. Absorption by gas molecules
2. Scattering of light out of the laser beam by particles

3. Path radiance (the atmosphere emits its own energy which appears as
noise.

. Typical detection range of ground based system is ~ 10 km,; for spaceborne
systemsit is thousands of km due to the absence of atmospheric losses.
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L aser Radar (3)

Consider the case where the target is completely illuminated:

SPOT AREA
P 2
SOLID ANGLE »Z(Rq 2)
Wa
TARGET
LASER
SOURCE as ‘ i A,S
SPOT
= R -~
2
The laser beam solid angleis W, = 'AI;F’;T = ij
The gain of the transmit opticsis G; = P 65
A Qa

Thetarget isvery large in terms of wavelength. Therefore, assume that the target only
scatters the laser energy back into the hemisphere containing the radar. Then the

spreading factor is 1/ ZpR2 rather than 1/ 4pR2.
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Laser Radar (4)

Target scattered power back at the receiver:

PG(
R = 4|oR2 R2 e

The area of therecelve opticsis Ay. Assume that the transmit and receive optics are
identical

The half power beamwidth is related to the optics diameter
gg =1.021 /D »I| /D

Introduce the optical efficiency r , and atmospheric attenuation factor. The monostatic
laser radar equation becomes:

2
_BRAS I, 2aR
T 2p3R%
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L aser Radar (5)

L aser cross section isidentical to RCS:
s = lim 4p R ‘—Vié‘
R® ¥ W|
|mportant differences:
1. In practice the limiting processis rarely satisfied because | isso small.
2. The laser beam amplitude is not constant over the entire target.
3. Target surfaces are very rough in terms of wavelength. Diffuse scattering dominates.
4. Target surfaces are not perfectly diffuse nor uniform scatterers. The bidirectional
reflectance distribution function (BRDF) characterizes the surface reflectivity as
afunction of position on the target surface, incidence direction, scattering direction,
and polarization. Typical scattering pattern from a diffuse surface:
A

OPPOSITION
EFFECT

SPECULAR

DIFFUSE REFLECTION

d;

SURFACE
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L aser Radar (6)

Examples of measured BRDFs at 0.633 micrometers

(from J. Stover, Optical Scattering)

White diffuse surfaces Black diffuse surfaces
4. BRE-B1 | [ 1.BOE-82] -
BRDF |~ ! BRDE ﬁ
3.58E-81 N | B . BAE-#3 | . -
; White Untinted Polyurethane Enamal i LS
[ - | Ho. 37925 on Aluninue L ~
].HE*HI““'M — ] e ____,\_JL___,._.a | Black Spectralon wwh
Tm""“‘f’"r’“mw%-ﬂuf;f;ﬁw 1 6.80E-83| il
B Pesis Vhite P e X
Z.58E-81 —Spectralon— - Black Corduroy Cloth . —""~+"
Wn,“*ﬂ--o—T“—-,h_i_ﬁ\__\l:\ 4,088 m%dww_ﬂ \MH-.\.
2.90E-81 *___Flat White mm_i\\_ : § AN
on Aluminum T = r.-“"'.l Black Flocked Faper
Small receiver aperiure 5“'\ e ““'—-——-—-_.l.f‘“-u ‘_‘_f.-'"‘-r"“'\-\.._\_\__,_,.."_f_‘—‘uﬂ Il
1.58E- Elr_mm]ues speckle.__|  Large receiver aperturs I"- 7. BRE-B3 _ I ':
| averages speckle. |- F |
= | s | 0 Martin Black
LeeE-Bi| g 1 | | | i i Y R I rull L AE 1.88E-12] I I L1 | |
DEGREES 8 13 Z7 48 53 b7 ] DEGREES B 15 3 45 o) 5

148



Naval Postgraduate School Microwave Devices & Radar

L aser Radar (7)

Distance Learning

System block diagram:
CW LASER - & MODULATOR
A TR
COHERENT BEAM
REFERENCE SPLITTER
. B
PROCESSOR [ DETECTOR FILTER U -

Example of receive optics (Cassegrain reflecting system):

Enclosure Barrel

Filter

Refocusing
Mirror

Detector &

AN
Primary \ Secondary
Mirror Mirror
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L aser Radar (8)

|mage resolution test pand (USAF)

oot o ‘lm't"l

iR

Room

LARGE RESQLUTION PAMELS AT SITEC-2

|mage of test panel
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Ground Penetrating Radar (1)

Ground penetrating radar (GPR), also known as subsurface radar, refers to awide range of
EM techniques designed to locate objects or interfaces buried beneath the Earth’s surface.
Applications that drive the system design include:

Application Depth/range of interest
archeology short to medium
wall thickness and hidden objectsin walls* short
unexploded ordinance and mines short to medium
pipes and underground structures medium
ice thickness long
short: d<1/2m

medium: 1/2m<d<25m
long: d > 25 m to hundreds of meters

*Radars for hidden object detection have requirements similar to those of ground penetrating radars.
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Ground Penetrating Radar (2)

In essence, the same techniques as conventional free space radar can be used, but there
are four unique issues to be addressed:

1. Efficient EM coupling into the ground

2. Adequate penetration of the radiation through the ground; ground is lossy,
particularly above 1 GHz

3. Sufficient scattering from targets (dynamic range)

4. Adequate bandwidth with regard to resolution and noise levels

Tx RX - Quasi-monostatic geometry shown
z
AIR 4 \* * y - Largereflection from the surface is clutter
A,
< > . Ground loss can be extreme. Examples at
GROUND d |q// 1GRz
wet clay 100 dB/m

S fresh water 40 dB/m
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Ground Penetrating Radar (3)

10
The major design
o consideration isthe
attenuation in the ground.
=
(i
e W
m 10
]
—1
o
2 _
%‘10’1 ;
& _
S [ dry rock
| . Eg [:?Eilf After figure from Understanding Radar
15 — - saltwater : Systems by Kingsiey and Quegan
e fresh water ]
10-3D T T 3
10 10 10 10

Frequency, MHz
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Ground Penetrating Radar (4)

Horizontal resolution can be obtained in several ways. One method is based on the
received power distribution as the radar moves over the target.

Z
AlIR i * . 1f d and x are known then R=+/d? + x?
,X can be substituted.
S
GROUND d q R . The attenual;ion constant is obtal ne_d from
L, the “lossin dB per meter” quantity

S y

= 20IogaEE atlmdepthg

E at surface g

- Thereceived power is _ 20Iog(e' a )1)
o 4R
P u Therefore,
r R4

_ -L/20
where a isthe one-way voltage a=- '”(10 )

attenuation constant.
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Ground Penetrating Radar (5)

Example: Return from atarget at x = 0 (d = 2 m) as the radar moves along the ground for
several ground attenuation values.

Mormalized power, dB

A0 -8 -B -4 -2 a 2 4 B g 10
Distance alang surface, x
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Ground Penetrating Radar (6)

Distance Learning

Example: Returns from two equal RCS targets at x = 0 and 2 meters for various ground
loss (d =2 m). Note that higher loss actually improves horizontal resolution. Increasing
the loss per meter has the same effect as narrowing the antenna beamwidth.

Solid: 3dB/m Dashed: 10 dB/m

Mormalized power, dB

0 -8 -G -4 -2 ] 2 4 B g 10
Distance along surface, x
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Ground Penetrating Radar (7)

Example: Stepped frequency waveform (12 pulses, frequency step size 50 MHz per pulse,
start frequency 500 MHz, PRF 10 MHz, pulse width 0.01 microsecond)

Effective BW = 1.3306 GHz

a1
a1

N
o
=
o

KN
(6]
=
3

' '
N
o
N
o

@
S

Input Signal Spectrum, |S|, dB
N
ol
Received Signal Spectrum, |G|, dB
. & o . \
o ul

&
ol
W
a1

A
o

-40

A
[

-45

o
=)

-50

o

0.5 1 15 2
Frequency, GHz

Effective BW = 0.99097 GHz

0.5

1 15
Frequency, GHz
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The ground loss has reduced the
effective bandwidth B; by about
25 percent. By the uncertainty
relation

Bde®p

Since the range resolution is
approximately
C
DR » Et e

the range cell has also been
increased by about 25 percent due
to the ground loss.
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Ground Penetrating Radar (8)

Cross-range can be determined in several ways:

1. narrow antenna beamwidth: Usually not practical because of the low frequencies
required for ground penetration. Small “illumination spot” required for a 2D image.

2. Power distribution variation as the antenna moves over the ground, as illustrated in
chart GPR (6): Performance depends on ground loss, variations in the scattering cross
sections of objects, depth and separation of objects, etc. 2D transversal required for a
2D image.

3. SAR techniques. Ground loss limits the synthetic aperture length because it has the
same effect as narrowing the beamwidth (i.e., cannot keep the scatterer in the antenna
field of view). 2D transversal required for a 2D image.

Mobile ground penetrating radar in operation
Overdl, GPR is probably the most
challenging radar application.

GPR system design is specific to the
particular application.
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